The presence of trees in a given scene can hamper detection of nearby targets by millimeter-wave radars especially at near grazing incidence. Proper characterization of scattering and attenuation in tree canopies is important for optimal detection algorithms. In this paper, a new technique for determining the extinction and volume backscattering coefficients in tree canopies using the measured radar backscatter response is proposed and verified experimentally. The technique, which can be applied to already available wideband radar backscatter data, is used to compute the extinction and volume backscattering coefficients of different tree canopies under various physical conditions. The dynamic range of these coefficients are presented and results at 35 GHz are compared with results at 95 GHz.
INTRODUCTION
The advantages of millimeter-wave (MMW) radars over other sensors include high resolution, near all weather capabilities, light weight, and compactness. These advantages have motivated a number of research efforts on MMW radar phenomenology over the past two decades. Both experimental and theoretical modeling efforts aimed at characterizing the radar response of different types of clutter were reported [1] - [7] . With recent advancements in semiconductor technologies, reliable and affordable MMW radars are now attainable. They have become favorable sensors for many civilian and military applications, especially at near grazing incidence.
A multi-year research program has been established at The University of Michigan to characterize the MMW radar backscatter response of clutter at near grazing incidence where little research is reported in the literature.
The presence of tree canopies, the focus of this paper, in a radar scene could potentially influence the ability of a MMW radar in detecting targets at near grazing incidence. Due to the substantial physical extent of trees above the ground surface, they not only possess a significant radar backscatter cross section, but they can also hamper the detection of targets positioned behind them. In a tenuous random medium, such as a tree canopy, whose scatterers are lossy and often several wavelengths in dimension (at MMW frequencies), signal propagation and scattering inside the medium can be expressed in terms of two quantities, the extinction coefficient, In addition, they can aid in the development of radar image simulations of forested terrain and in the design of the optimum sensor, as well as other applications.
A number of research efforts aimed at characterizing propagation and bistatic scattering in tree canopies have 2 been reported in the past [4] - [7] . 
NEW TECHNIQUE FOR MEASURING EXTINCTION IN TREE CANOPIES
Traditionally, extinction measurements of random media were conducted using the free-space transmission measurement technique (FSTM) [8] , [9] . In this standard approach, the random medium is positioned between the transmit and receive antennas and the field propagating through the medium is measured over many independent realizations of the medium. The field detected by the receive antenna It is straightforward to show that by averaging the received field coherently over many independent realizations of the same random medium, an explicit expression relating the power of the mean received field 
In case of a high resolution radar, the illuminated area can be assumed constant over the resolution cell and ¡ inside the integral can be approximated with ¡ . As a result, the total received power at a given range
where 7 is the thickness of the canopy, and is the effective cross sectional area of the radar beam, § 4 % 4
In equation (7), the mean backscattered power due to a Gaussian pulse propagating through a tree canopy (consisting of a homogeneous set of scatterers) is expressed in terms of ¥ ¡ and £ ¤
. These two quantities can be determined from the measured backscatter response of a tree canopy by minimizing the difference between the measured response and the theoretically calculated response in (7); that is:
Numerical Simulations:
The influence that the pulse shape and extinction coefficient have on the expected time-domain response of a random medium, can be best characterized through numerical simulations. For simplicity, we considered a layer of tenuous and homogeneous random medium of thickness independent realizations of the random medium were considered. In Fig. 2 the sensitivity of the backscatter response, especially its rate of decay in the time-domain, to ¥ ¡ is clearly apparent. In Fig. 3 , the simulated response is compared with those predicted by (7) assuming in one case a Gaussian pulse and in the other a
Sinc-square pulse ( The radar was first operated in a transmit-through mode. In this mode, the two modules comprising the radar's RF front-end, the transmit and receive modules, were separated and positioned with the antennas pointed at each other in a transmit-through arrangement as depicted in Fig. 4 . The tree was then positioned half-way between the two modules while at the same time maintaining the far field requirements for both antennas. Coherence between the two modules was maintained by injection-locking the transmit and receive local oscillators with the third harmonic of an X-band signal. The system was calibrated using the free space (no tree) measured response.
Then, the extinction coefficients for both vertically and horizontally polarized waves were extracted from the measured response following the expression in (1) . Their values were
¤ ¡ § 2¡
Np/m and
Np/m, respectively.
9
In the second measurement, the radar was operated in the backscattering mode. A 2-inch metallic sphere was measured and its polarimetric response was used in the calibration technique described by Nashashibi et al. [12] . Equations (7) and (9) were used to extract the extinction coefficients from the backscattered response.
Excellent agreement was obtained between the extinction coefficients measured using both the transmit-through technique and the new proposed technique for both vv-and hh-polarized cases. In Fig. 5 
EXPERIMENTAL OBSERVATIONS AND PRELIMINARY RESULTS
Over the past two years, The University of Michigan has embarked on an extensive outdoor measurement campaign of the MMW polarimetric radar response of clutter at near grazing incidence. In these measurements, two ultra-fast, coherent, wide-band (500 MHz), fully polarimetric instrumentation radars operating at 35 and 95
GHz were employed to characterize the polarimetric radar backscatter response of more than 50 tree canopies.
Hundreds of data sets were collected, in which most canopies were measured several times during their growth cycles. At least 80 spatially independent samples of the tree canopy were measured at any given time by pointing the radar beam at different areas of the canopy. Along with the radar measurements, physical parameters characterizing the tree canopies were collected and compiled. Table 1 contains a partial listing of the physical parameters collected for a number of tree canopies examined in this paper.
In addition to the standard processing techniques employed on the measured data in order to compute the modified Mueller matrices of the tree canopies [10] - [12] , the technique described in the previous section was used to compute ¡ and £ ¤ from the incoherently averaged time-domain response. It was observed that whenever foliage in the tree canopy was not close to being uniformly distributed throughout the canopy, such as was the case of a de-foliated Norway Maple tree, then the time-domain response was rather complex and the model discussed in the previous section could not be used. In addition, it was observed that the number of leaves/m© or fruits/m© and the structure of the tree seem to be the dominant parameters influencing the variations in The extinction coefficient of an Arbor Vitae (an evergreen tree) measured at different times is plotted in Fig. 6 .
The magnitude of the extinction coefficient of the canopy is twice as large during late Summer and through the Fall in comparison with Spring and early Summer. This can be attributed to the presence of fruits (conical in shape) in the tree canopy late in the growth period. In addition, extinction tends to be slightly higher at 95 GHz when compared to 35 GHz.
The extinction coefficients of the trees listed in Table 1 are summarized in Fig. 7 . The figure clearly demonstrates the wide variations in ¡ that exist across tree species, in general, and within a given tree species in particular.
These variations intensify further when the total attenuation through the whole canopy is considered. In Fig. 8 , at least 50 dB of dynamic range in total attenuation is observed between the different types of canopies.
A wide dynamic range is also observed for the volume backscattering coefficients, as shown in Fig. 9 . However, 
The modeled
(computed using (12) ) is compared in Fig. 11 with the measured Table 1 . Table 1 .
points, the measured Sumac tree, ¡ was higher when fruits were present, as shown in Fig. 13 . Furthermore, the extinction increased further in level with the further increase of fruits, even with the total loss of leaves. In contrast, in the example depicted in Fig. 14 for an Ash-Leaved Maple, the extinction coefficient appears to be dominated by the leaves. 
CONCLUSIONS
A new technique was developed for determining the extinction and volume backscattering coefficients in tree canopies using the measured radar backscatter time-domain response. The technique is simple and can be applied to already available wide-band radar backscatter data. After verifying the technique experimentally through a set of indoor measurements on an Arbor Vitae tree, it was used to determine the extinction and 
